Optical interference effects are important for the total absorption as well as the profile of the exciton generation rate in polymer:fullerene bulk heterojunction solar cells. For solar cells with an active layer of poly͓2-methoxy-5-͑3Ј ,7Ј-dimethyloctyloxy͒-1,4-phenylenevinylene͔ as electron donor and ͓6,6͔-phenyl C 61 butyric acid methyl ester as electron acceptor, the total exciton generation rate can be directly extracted from the saturated photocurrent. It is demonstrated that for solar cells with an active layer thickness smaller than 250 nm, a constant exciton generation profile, based on this extracted total rate, gives identical electrical characteristics as compared to exciton generation profiles from an optical model. For thicker cells interference effects have to be taken into account, since a uniform generation profile leads to an overestimation of recombination losses and space-charge formation.
I. INTRODUCTION
Plastic solar cells bear the potential for the realization of solar cells that are flexible, lightweight, inexpensive, and efficient. The efficient photoinduced electron transfer from a conjugated polymer to fullerene molecules 1 and the possibility to blend these materials in a so-called bulk heterojunction 2,3 ͑BHJ͒ have triggered a large scientific interest in solar cells based on these materials. In recent years several breakthroughs in efficiency have been reported. Mixing the conjugated polymer poly͑2-methoxy-5-͑3Ј ,7Ј-dimethyloctyloxy͒-p-phenylene vinylene͒ ͑MDMO-PPV͒ and methanofullerene ͓6,6͔-phenyl C61-butyric acid methyl ester ͑PCBM͒ in a 1:4 weight ratio yielded a power conversion efficiency of 2.5%. 4 More recently, efficiencies in excess of 4% have been reported after optimizing the processing conditions of polymer:fullerene BHJ solar cells based on polythiophene derivatives as absorbing and electron donating material. [5] [6] [7] Using a low band gap polymer a power conversion efficiency of 5% has been currently achieved. 8 Also with regard to the understanding of the device operation of polymer:fullerene BHJ solar cells large progress has been made in recent years. Dissociation of electron-hole ͑e-h͒ pairs at the donor/acceptor interface is an important process that can limit the charge generation efficiency. 9 A balanced transport of electrons and holes in the blend is needed to suppress the buildup of space charge which, subsequently, will significantly reduce the power conversion efficiency. 10 Furthermore, the transport of electrons and holes in the blend needs to be enhanced in order to allow for fabrication of thicker films to maximize the absorption, without significant recombination losses. 11 Inclusion of the dissociation of bound electrons and holes at the donor/acceptor interface in a model based on the Poisson equation, current continuity equations and current equations ͑including both drift and dif-fusion͒, leads to a consistent description of the voltage and temperature dependence of the photocurrent of polymer-:fullerene BHJ solar cells. 12 In this recently developed electrical model a constant profile has been assumed for the generation of excitons throughout the active layer.
Since a BHJ solar cell consists of a thin film layer stack of different materials on a transparent substrate, it has been recognized that optical interference effects might play an important role in the performance of solar cells and thus the assumption of a constant generation profile could be inaccurate. For this reason, an optical model has been developed initially for bilayer devices, 13 and subsequently also for BHJ solar cells. 14, 15 These model calculations demonstrated that for MDMO-PPV:PCBM BHJ solar cells an oscillatory behavior in the total absorption as a function of active layer thickness is expected from optical interference effects. Furthermore, the exact shape of the exciton generation profile shows a strong dependence on active layer thickness. Similar conclusions were found for solar cells with a BHJ of poly͑3-hexylthiophene͒ and PCBM in a 1:1 weight ratio. 16, 17 However, a coupling between optical effects and solar cell parameters, such as short-circuit current J sc , fill factor FF, and layer thickness L, is not straightforward. For MDMO-PPV:PCBM cells, for example, J sc increases with increasing layer thickness due to an enhanced absorption, but the efficiency does not as a result of a decreasing FF due to space-charge formation and increased bimolecular recombination. 18 In order to incorporate optical effects in the solar cell performance, combined electrical and optical modeling has to be carried out. A first coupling between electrical and optical models has recently been made by Sievers et al. 19 They observed that interference effects, which affect the total exciton generation rate, do show up as an oscillatory behavior of J sc as a 20 On the other hand, the exciton generation profile had no significant influence on solar cell performance. 19 This is in contrast with the conclusion that electrical models using a constant generation profile are not appropriate to model solar cell characteristics. 16 We demonstrate that solar cells with active layer thicknesses smaller than 250 nm can be correctly modeled solely from electrical data, without having to incorporate optical modeling. The variation of the total exciton generation rate with layer thickness is experimentally available from the saturated photocurrent at high reverse bias. The average constant exciton generation rate based on this total rate gives identical simulation results as obtained with incorporation of the optically modeled exciton generation profiles.
II. EXPERIMENTAL METHODS
As a first step the electrical characteristics of MDMO-PPV:PCBM solar cells are investigated as a function of active layer thickness. The solar cells are made by spin coating poly͑3,4ethylenedioxythiophene͒/poly͑styrenesulphonic acid͒ ͑PEDOT:PSS͒ on top of a 0.6 mm thick glass substrate with patterned indium tin oxide ͑ITO͒ ͑140 nm͒ as a bottom contact. Subsequently, a blend of MDMO-PPV:PCBM ͑1:4 weight ratio͒ with varying thickness is spin coated on top of a nitrogen atmosphere. Finally, 0.5 nm of lithium fluoride ͑LiF͒ covered with 80 nm aluminium ͑Al͒ is evaporated as top contact. The current density-voltage ͑J-V͒ characteristics of these devices were measured in a nitrogen atmosphere under illumination by a white light halogen lamp calibrated with a silicon photodiode to simulate the AM 1.5 global solar spectrum, which is the spectrum assumed for the numerical simulations.
For the optical modeling of the glass substrate, the ITO electrode, and the MDMO-PPV:PCBM ͑1:4͒ blend, we used the optical constants as reported by Hoppe et al. 21 The values for PEDOT:PSS and LiF were determined with variable angle ellipsometry using a Woollam VASE ellipsometer. For Al standard literature values were used. 22 An overview of the optical constants for the various layers is shown in Fig. 1 .
III. RESULTS

A. Saturated photocurrent
In Fig. 2 the measured dependence of the photocurrent density J ph on the effective applied voltage is a measure of the net electric field in the cell, 9 is shown for an active layer thickness of 128 nm. Here V A is the applied voltage and V 0 is the compensation voltage defined as
increasing J ph , resulting from the competition between drift and diffusion currents. For V A − V 0 above 0.1 V, J ph , tends to saturate as the slower increase of the drift-dominated current is limited by the maximum of the field-enhanced dissociation of the bound e-h pairs that are formed after the electron transfer from the donor to the acceptor. 9 At high reverse bias V A − V 0 Ͼ 10 V all e-h pairs are dissociated and the photocurrent saturates to
where G max is the maximum amount of bound e-h pairs that can be generated in the solar cell. It is evident that G max is related to the total amount of absorbed light that governs the total exciton generation rate. Also shown in Fig. 2 as a dashed line are the modeled J ph − V A − V 0 characteristics using our recently developed numerical device model. 12 In this model it is assumed that photogenerated excitons dissociate into bound e-h pairs, which only partially dissociate into free charges. The amount of free charges that is generated can be described by
where P͑T , E͒ is the probability of separation of bound e-h pairs at the donor/acceptor interface. The photogeneration of free charge carriers can be described by the geminate recombination theory of Onsager. 23 Furthermore, it was pointed out by Braun that the dissociation probability is influenced by the fact that the bound electron-hole pair has a finite lifetime. 24 The probability that a bound polaron pair dissociates into free charge carries at a given electric field E and temperature T is then given by
with k F denoting the rate constant as the bound electron-hole pair decays to its ground state, and k D ͑E͒ the rate constant for separation into free carriers, which is given by 24
with a denoting the initial separation distance of the bound electron-hole pair at the interface, b = e 3 E / 8 0 r k 2 T 2 , and E b the binding energy of the electron-hole pair. Once separated, the charge carriers can again form a bound pair with a rate constant k R . Using the Onsager theory for field dependent dissociation rate constants for weak electrolytes 25 for k D ͑E͒, Langevin recombination of free electrons and holes, and a Gaussian distribution of donor-acceptor distances, the generation rate of producing free electrons and holes depends on the charge carrier mobilities n and p of the electron and holes, respectively, the relative dielectric constant r , the initial separation of e-h pairs a, and the ground state recombination rate k F . As both the electric field distribution and the rate of charge separation are dependent on each other, an iterative algorithm is needed. We use a recently developed device program based on the electrical model described here. 12 As a next step the total rate of exciton generation is calculated using an optical model following the transfer matrix approach developed by Knittl 26 and first utilized in organic photovoltaic devices by Petterson et al. 13 The calculated exciton generation rate is then transferred into a photocurrent J max by assuming a 100% internal quantum efficiency in the solar cell. In Fig. 3 the experimentally determined J sat is shown together with the calculated J max as a function of solar cell active layer thickness L. As reported before, the calculated photocurrent following from the total exciton generation rate ͑J max ͒ increases in an oscillatory fashion with increasing active layer thickness, showing that the total exciton generation rate is influenced by the optical 
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interference in the layer stack. We also observe that the experimental J sat follows the trend of J max , but it is typically about 90% of its magnitude. This seems to indicate that of all created excitons about 90% are effectively transferred into charge carriers at high reverse bias. The missing 10% could be due to a combination of e-h pairs that are formed in "dead ends" of the phase separated morphology and limitations in charge transport. However, an alternative explanation could be that our materials have slightly different optical constants as compared to the reported values that we use in our calculations. 14 This could lead to a slight overestimation of the calculated absorption and is a subject of further study.
B. Influence of optical interference
Subsequently, the exciton generation profiles are calculated using the transfer-matrix approach: first calculating the intensity profile of each wavelength, then multiplying those results with the absorption of the active material, and then integrating those results over the relevant wavelength range ͑300 to 900 nm͒. These exciton generation profiles are then used as input for the electrical device model. The result is shown in Fig. 4 where the short-circuit current using the exciton generation rate profiles is shown ͑J sc Profile ͒, together with the short-circuit current using an average exciton generation rate ͑J sc Average ͒. The average exciton generation rate was chosen such that the total amount of generated excitons is identical to the amount of generated excitons for the profile. It is clear that for active layer thicknesses up to 250 nm the calculated J sc Profile and J sc Average are identical, as has also been reported by Sievers et al., who calculated the J sc up to layer thicknesses of 275 nm. 19 For layer thicknesses exceeding 300 nm we observe that J sc Profile and J sc Average clearly start to diverge. Thus, for solar cells with active layer thicknesses up to 275 nm the use of a constant exciton generation profile is justified for simulating the performance of MDMO-PPV:PCBM based solar cells. The variation of the total exciton generation rate with a layer thickness due to optical interference is taken into account by using the experimental J sat as a measure for the total exciton generation rate.
Another interesting observation is that the calculated short-circuit currents follow the oscillatory behavior of the total absorption, but they do not further increase with increasing layer thickness. In Fig. 5 J sc Profile / J max and J sc Average / J max , representing the internal quantum efficiency ͑IQE͒ under short-circuit condition, are plotted as a function of active layer thickness L. The internal quantum efficiency strongly decreases with increasing layer thickness. As stated above, the dissociation of bound e-h pairs is an important process in MDMO-PPV:PCBM BHJ solar cells. In Fig. 5 the dissociation efficiency P͑E , T͒ is also shown at an electric field of V oc / L as a function of L. By increasing the active layer thickness the electric field at short-circuit, typically given by V oc / L with V oc denoting the open-circuit voltage, is reduced, thereby reducing P͑E , T͒. Apart from that, as stated above, the dissociation efficiency also depends on the initial separation distance a ͑1.2 nm͒ of the bound electron and hole and the decay rate k f ͑10 6 s −1 ͒ of the bound e-h pair. Both have been determined from the voltage and temperature dependence of the photocurrent under reverse bias. 9 The agreement between P͑E , T͒ and IQE shows that the reduced e-h dissociation efficiency is the main origin for the reduction of J sc for thick samples. The increasing difference between P͑E , T͒ and IQE for thick samples is a result of increasing recombination losses and a buildup of space charge. 18 For a 100 nm device the bimolecular recombination losses only amount to a few percent. 12
C. Space charge and active layer thickness
In Fig. 4 it also appears that for thicknesses larger than 275 nm the J sc Profile is lower than J sc Average , and that their difference increases with increasing thickness. In order to evaluate this difference we plot in Fig. 6 the exciton generation rate profile and its average as a function of distance x from the LiF / Al electrode for a 500 nm thick active layer. It appears that relatively more excitons are generated near the PEDOT- :PSS anode for the exciton generation profile as compared with its average. So in the case of the generation profile, the holes, which have a lower mobility than the electrons, are created close to the contact where they are extracted. This will reduce the amount of holes that are lost during transport due to bimolecular recombination and thus will enhance the efficiency. Furthermore, the buildup of space charge will be less in case the exciton generation profile is taken as initial distribution.
To demonstrate this reduction of space charge, we simulated the photocurrent for both the exciton generation rate profile and its average as a function of V A − V 0 for a 500 nm thick active layer, as shown in Fig. 7 . This shows that the buildup of space charge is less severe for the exciton generation rate profile than for its average.
IV. CONCLUSIONS
In conclusion, we have shown that the average exciton generation rate of MDMO:PCBM devices can be experimen-tally extracted from the saturated photocurrent at high reverse bias. For MDMO:PCBM devices under these conditions the total amount of generated excitons is close to the total amount of extracted charges. The variation of the total exciton generation rate with active layer thickness due to interference is then automatically taken into account. The device operation parameters ͑J ph , J sc , and IQE͒ for solar cells with active layers thinner than 250 nm show no significant difference when either an exciton profile as obtained from optical modeling is used or a constant exciton generation rate profile, provided that the total exciton generation rate of both profiles are the same. For devices with active layers thicker than 300 nm it is important to include the optical exciton generation profiles. The losses due to bimolecular recombination and space-charge formation become both dependent on the initial position of the slowest carrier, which are holes in the case of MDMO:PCBM devices. 
